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Tectonic mélange zones within ancient accretionary complexes include various styles of strain accommodation
along subduction interfaces from shallow to deep. The ductile-brittle transition at shallower portions of the
subduction plate boundary was identified in three tectonic mélange zones (Mugi mélange, Yokonami mélange,
and Miyama formation) in the Cretaceous Shimanto Belt, an on-land accretionary complex in southwest Japan. The
transition is defined by a change in deformation features from extension veins only in sandstone blocks with ductile
matrix deformation (possibly by diffusion-precipitation creep) to shear veins (brittle failure) from shallow to deep.
Although mélange fabrics represent distributed simple to sub-simple shear deformation, localized shear veins are
commonly accompanied by slickenlines and a mirror surface. Pressure-temperature (P-T) conditions for extension
veins in sandstone blocks and for shear veins are distinct on the basis of fluid inclusion analysis. For extension veins,
P-T conditions are approximately 125 to 220°C and 80 to 210 MPa. For shear veins, P-T conditions are approximately
185 to 270°C and 110 to 300 MPa. The P-T conditions for shear veins are, on average, higher than those for
extension veins. The temperature conditions overlap in the range of approximately 175 to 210°C, which suggests
that the change from more ductile to brittle processes occurs over a range of depths. The width of the shallow
ductile-brittle transition zone can be explained by a heterogeneous lithification state for sandstone and mudstone
or high fluid pressure caused by clay dehydration, which is controlled by the temperature conditions.
Keywords: Shallow ductile-brittle transition zone; Tectonic mélange; Shear vein; Pressure-temperature condition;
Accretionary complex; Shimanto BeltFindings
Introduction
The physical properties of sediments evolve during un-
derthrusting along subduction thrust interfaces because
of mechanical (e.g., compaction) and chemical (e.g., de-
hydration and cementation) processes (e.g., Moore and
Saffer, 2001). Each of these components of the lithifica-
tion process can contribute to changes in deformation
features and deformation mechanisms (Knipe, 1989). The
evolution of physical properties of sediments associated
with changes in deformation features and deformation
mechanisms are reflected in both wedge geometry and the
kinematics of earthquakes brought on by changes in the* Correspondence: hassy@kochi-u.ac.jp
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reproduction in any medium, provided the origmechanical behavior of wedge materials and plate bound-
aries (e.g., Wang and Hu, 2006).
The seismogenic zone has been described as the
temperature-controlled zone of plate boundary coupling,
where interplate earthquakes nucleate (e.g., Hyndman
and Wang, 1993). Recently, additional types of failure
have been found along active subduction zones, such as
slow slip events (e.g., Hirose et al., 1999; Kato et al., 2012;
Ito et al., 2013), episodic tremor and slip (e.g., Rogers and
Dragert, 2003; Obara et al., 2004, Ishida et al., 2013), very
low frequency earthquakes (e.g., Ito and Obara, 2006;
Sugioka et al., 2012), and dynamic overshoot to the trench
axis (e.g., Ide et al., 2011). Studies have been conducted to
connect geologic deformation features from on-land ac-
cretionary complexes with seismic and aseismic deforma-
tions or with the newly found failure styles (e.g., Ikesawa
et al., 2003; Kimura et al., 2007; Meneghini et al., 2010;ger. This is an Open Access article distributed under the terms of the Creative
mmons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
inal work is properly credited.
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lyte and fluidized shear zones, which indicate dynamic
weakening of the fault during displacement, were found in
on-land accretionary complexes; this suggests that the
geologic features of the seismogenic slips along subduc-
tion interfaces are visible in on-land accretionary com-
plexes (e.g., Ikesawa et al., 2003; Kitamura et al., 2005;
Ujiie et al., 2007; Meneghini et al., 2010; Hashimoto et al.,
2012; Saito et al., 2013). Further detailed studies of on-
land accretionary complexes are needed to understand the
nature of deformation features and how they relate to
variable slip styles along subduction plate interfaces.
The evolution of deformation features and deform-
ation mechanisms along subduction zones has been re-
vealed from on-land geology in exhumed accretionary
complexes, not only in the Shimanto Belt (e.g., summa-
rized in Kimura et al., 2007) but also in other accretion-
ary complexes (e.g., Fisher and Byrne, 1987; Fagereng
and Toy, 2011; Rowe et al., 2013). By reviewing many
previous studies, Fagereng and Toy (2011) pointed out
that ductile flow by diffusion-precipitation creep and
cataclastic deformation coexist as the major deformation
mechanisms in seismogenic crust. The spatiotemporal
relation between plastic and brittle deformations, however,
has been expressed as deformations in a heterogeneous
mélange rheology (e.g., Fagereng and Sibson, 2010). Exten-
sion veins related to mélange fabrics and shear veins cut-
ting the mélange fabrics have been well documented, with
detailed pressure-temperature conditions from the Mugi
mélange, Miyama formation, and Yokonami mélange in
the Cretaceous Shimanto Belt (e.g., Hashimoto et al., 2002,
2003; Matsumura et al., 2003; Hashimoto et al., 2012)
(see locations in Figure 1); these data can be a key inFigure 1 Distribution of the Shimanto Belt in central and southwest J
Miyama formation are also represented.understanding the relation between ductile deformation
for mélange and brittle failure (shear veins) in lithified
shale matrices. In this study, we summarize the differences
between observed deformation features and inferred de-
formation mechanisms for ductile mélange and shear vein
formations in detail, with reference to published pressure-
temperature conditions. We propose that the shallow
ductile-brittle transition zone is reflected by the change
from extension veins within sandstone lenses contained in
ductile shale matrices to shear veins in brittle shale
matrices. Finally, we discuss the interpretation of the
ductile-brittle transition zone in shallower portions of
the subduction plate interface.
Tectonic mélanges
Mélanges are characteristic components of on-land ac-
cretionary complexes. A mélange is defined as a map-
scale geologic body with coherent blocks in a sheared
matrix texture. Blocks are composed mainly of sand-
stone or oceanic material such as basalt or cherts, and
the blocks are surrounded by a shale matrix (Figure 2A).
The thickness of the mélange zone in the Shimanto
complex is typically less than 1 km based on field obser-
vations for the mappable distribution of mélange zones
(e.g., Taira et al., 1988). Rowe et al. (2013) determined
the thickness of a shear zone along a subduction plate
interface and found it to be up to a few hundred meters
in thickness. Within the mélange zone, the same shear
zones may be stacked up by duplex structures to form
underplated accretionary complexes (e.g., Hashimoto and
Kimura, 1999). The thickness of each horse of ocean floor
stratigraphy has been reported to be up to a few hundred
meters in the mélange zone focused on in this studyapan. Locations of the Yokonami mélange, Mugi mélange, and
Figure 2 Textures of tectonic mélange showing sandstone blocks surrounded by shale matrix (A). Extension veins, which developed only
in sandstone blocks, were observed. Scaly cleavages are well developed in the shale matrix. Shear veins cutting the shale matrix (B). Scanned
image of a thin section of a shear vein under cross-polarized light (C). The scale is the same as Figure 2D. Sketch of Figure 2C (D). White, quartz;
gray, clay layers; and black, calcite. Slickenlines and slickensteps on the shear vein surface (E).
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Hashimoto et al., 2012). Although mélanges have been
suggested to be sedimentary, tectonic, and diapiric, most
mélange zones in the Shimanto Belt are inferred to be tec-
tonic mélanges (e.g., Kimura and Mukai, 1991; Onishi and
Kimura, 1995; Hashimoto and Kimura, 1999), with some
exceptions (Osozawa et al., 2009). The characteristics of
tectonic mélanges are as follows: (1) the blocks have con-
sistent asymmetric shapes and the surrounding shale
matrices exhibit asymmetric flow textures around the
blocks (asymmetric pressure shadow), without exclusively
granular flow of sandstone, and (2) composite planar fab-
rics (generally called scaly fabrics) are well developed, espe-
cially in the shale matrices. The occurrence of composite
planar fabrics in a mélange suggests that the mélange was
formed by simple or sub-simple shear deformation. At the
outcrop scale, the spacing of the scaly foliations is less than
1 cm. However, much denser foliations can be identified at
the microscopic scale in some parts.
The deformation mechanisms associated with mélange
formation are commonly inferred on the basis of petro-
graphic observations. Black seams are commonly observed
along the composite planar fabrics at the microscopic
scale (Figure 3A). The deformation mechanism for black
seams has been interpreted as a pressure solution in previ-
ous studies on the basis of the similarity of stylolytetexture and dissolved radiolaria fossils with the black
seams (e.g., Onishi and Kimura, 1995; Hashimoto and
Kimura, 1999), which indicates that dissolution and pre-
cipitation creep contributed to mélange formation. This
feature is the plastic strain at the outcrop scale. Extension
veins developed only in the mélange blocks are observed
pervasively at both the outcrop and the microscopic scales
(Figure 2A) (Hashimoto et al., 2003). The extension veins
are composed mainly of quartz and minor calcite. In some
parts, shale is injected into the extension veins. Whereas
the sandstone blocks were well-lithified and broken in a
brittle manner, the shale matrix surrounding the sand-
stone blocks was deformed in a ductile manner. These oc-
currences suggest that a competence contrast existed at
the time of the extension vein formation.
Pressure solution cleavages are composed of clay min-
erals approximately 0.5 μm in diameter (Figure 3B). The
grain size is relatively heterogeneous compared with that
of the clay coatings on shear veins that will be described
later. Authigenic pyrites (up to approximately 1 μm) are
also observed in the cleavages as light white patches
(Figure 3B). Energy dispersive X-ray spectrometry shows
that the cleavages are composed of Si, Al, K, and C, and
the X-ray diffraction analysis indicates that the clay min-
eral present is illite, on the basis of the location of the
white mica 001 peak.
Figure 3 Pressure solution cleavage (PS cleavage) under the optical microscope (A). Scanning electron microscope (SEM) image of PS
cleavage (pale light gray) (B). Dark gray grains are quartz grains (Qz). The location is shown in Figure 3A. Clay layer under the optical microscope
(thin layer above the quartz vein (Qz) (C). Magnified SEM image of the clay layer composed of very fine (approximately 10 nm) and well-sorted
clay minerals (D). An SEM image of multiple directions of striations on the clay layer. White arrows indicate the two directions of striations (E).
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Shear veins are commonly observed parallel or sub-
parallel to the mélange foliation. In some parts, shear
veins clearly cut the mélange foliation, which indicates
that some of the shear veins were formed after the mé-
lange formation (Figure 2B). The occurrence of foliations
crosscutting shear veins is not observed at the outcrop
scale. Displacement along the shear vein is relatively
small, that is, less than 1 m. Veins consist of quartz and
calcite. Matsumura et al. (2003) and Hashimoto et al.
(2012) presented the one-dimensional distribution of shear
veins in the Mugi mélange and the Yokonami mélange,
which are both in the Cretaceous Shimanto Belt, Shikoku
Island. The number of shear veins in a 1-m intervalperpendicular to the mélange foliations is approximately 2
to 3. Much larger densities of shear veins have been
reported in the Chrystalls Beach complex, New Zealand
(Fagereng, 2011a). The average thickness of shear veins
ranges from 3 to 6 mm. Multiple thin clay layers, parallel
to the vein, are observed within the veins (Figure 2C,D).
The thickness of the clay layers varies from a few tens of
micrometers to a few millimeters. In the left side of the
figure, the vein surface is represented by a relatively
straight surface of clay layer; whereas the clay layers
within the veins show wavy shapes (Figure 2C,D). This
occurrence suggests that shear vein mineralization oc-
curred repeatedly. On the surface of the shear veins,
slickenlines and slickensteps are well observed, and clay
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on them (Figures 2E and 3C). The clay coatings are repre-
sented as a relatively shiny and thin black layer, and they
are observed as an aggregate of nanoscale clay grains
(Figure 3D). On the surfaces, slickenlines and slickensteps
are also recognized (Figure 3D). Therefore, the deform-
ation mechanism of shear veins is brittle failure.
Pressure-temperature conditions
Pressure-temperature conditions for the formations of
the extension and the shear veins have been previously
estimated on the basis of fluid inclusion analysis from three
mélange zones in the Cretaceous Shimanto Belt: the Mugi
mélange (Matsumura et al., 2003), the Miyama formation
(Hashimoto et al., 2002, 2003), and the Yokonami mélange
(Hashimoto et al., 2012) (see locations in Figure 1). For the
Yokonami mélange, the pressure-temperature condition
only for the shear veins was obtained. The host minerals
for fluid inclusions are quartz and lesser calcite. Host
mineral strain by crystal-plastic processes in relatively weak
minerals such as calcites can alter the fluid inclusion
density in ways that render homogenization temperature
data difficult to use (Roedder, 1984), for example, fluid-
inclusion stretching during heating (Prezbindowski and
Larese, 1987). The host mineral for fluid inclusion pre-
sented here is mostly quartz because the amount of
calcite host is much less. No systematic variation in
homogenization temperatures from calcite hosts has
been noted suggesting that the constant density assump-
tion for the trapped fluids is valid (e.g., Roedder, 1984).
The temperature conditions for the extension and the
shear veins ranged from approximately 125 to 220°C
(approximately 125 to 200°C for the Mugi mélange and
approximately 150 to 220°C for the Miyama formation)
and from approximately 185 to 270°C (approximately
135 to 245°C for the Mugi mélange, approximately 200
to 270°C for the Miyama formation, and approximately
185 to 225°C for the Yokonami mélange), respectively
(Figure 4). The pressure conditions for the extension
and the shear veins are approximately 80 to 210 MPa
(approximately 90 to 145 MPa for the Mugi mélange,
approximately 80 to 210 MPa for the Miyama forma-
tion) and approximately 110 to 300 MPa (approximately
110 to 150 MPa for the Mugi mélange, approximately
145 to 300 MPa for the Miyama formation, and approxi-
mately 140 to 215 MPa for the Yokonami mélange),
respectively (Figure 4). Average errors in temperature
and pressure for each plot are approximately ±25°C and
approximately ±10 MPa, respectively (Hashimoto et al.,
2002, 2003; Matsumura et al., 2003; Hashimoto et al.,
2012). Although the data are limited, the pressure-
temperature condition for the Mugi mélange tends to
shift to a higher thermal gradient, possibly because of the
relatively young and hot plate subduction (Matsumuraet al., 2003). The age of the subduction slab for the Mugi
mélange is approximately 0 to 10 m.y., which is younger
than the age of the slab for the Yokonami mélange and
the Miyama formation (approximately 40 to 50 m.y.)
(Taira et al., 1988). On the basis of the relation between
slab age and heat flow (Parsons and Sclater, 1977), thermal
gradients for the Mugi mélange and other mélanges can
be estimated to be above approximately 55 and 30°C/km,
respectively, at a thermal conductivity of 2.2 W/mK and a
density of 2.65 g/cm3. Although the thermal conductivity
can be significantly variable, the relative relation in the
thermal gradient between the Mugi mélange and others
may be similar in terms of their variable thermal conduct-
ivity. Most of the data fall within the thermal gradients be-
tween 30 and 60°C/km, except for the temperature range
between approximately 175 and 220°C (Figure 4), if we
assume that the fluid pressure is almost lithostatic. The
variations in pressure-temperature (P-T) values may indi-
cate fluctuations in the ratio of fluid pressure to lithostatic
pressure. However, the temperature estimates from the
fluid inclusions coincide with the peak temperature esti-
mates from vitrininte reflectance (approximately 150 to
250°C) (Ohmori et al., 1997), which suggests that the
variations reflect real in situ temperatures. Variations in
P-T may contain results from the drop in fluid pressure
caused by dilatant deformation, as reported by Lewis
and Byrne (2003).
The temperature gradient of up to 60°C/m (Figure 4)
is much higher than that predicted by subduction zone
thermal modeling. This can possibly be explained by the
pressure drop, which makes the geothermal gradient ap-
parently higher. Because the geothermal gradient for the
Mugi mélange is considered to be higher than those of
the Miyama formation and the Yokonami mélange, the
temperature range for the extension vein and shear vein
formation can be shallower than those for the Miyama
formation and the Mugi mélange. Nevertheless, the
temperature condition of the extension veins for each
mélange zone shows a similar range, although the data
are limited in the Mugi mélange, and this suggests that
the extension vein development may finish in a shal-
lower portion in the higher geothermal gradient than
that in the lower geothermal gradient.
The average temperature condition for the extension
veins is slightly lower (approximately 50°C) than that for
shear veins. The occurrence of extension veins that are
confined to sandstone blocks and do not propagate into
the surrounding matrix implies that the shale matrix was
ductile, and a competence contrast existed between the
sandstone blocks and the shale matrix, as described above.
Shear veins crosscut shale matrices in a brittle manner,
which suggests that the shear veins can be formed after
lithification of shale matrices in a broad sense. Therefore,
this lower temperature condition for the extension veins is
Figure 4 Pressure-temperature conditions for extension vein and shear vein formation. (A) Pressure-temperature conditions for extension
vein and shear vein formation for the Mugi mélange (Matsumura et al., 2003), Miyama mélange (Hashimoto et al., 2002, 2003), and Yokonami mélange
(Hashimoto et al., 2012) (locations are shown in Figure 1). Inferred temperature conditions for ductile mélange (extension veins only in sandstone);
the ductile–brittle transition zone (coexistence of extension veins in sandstone blocks and shear vein) and brittle deformation (shear vein) are also
indicated. See text for details. (B) Temperature conditions for each location and type of vein. (C) Histogram of temperatures for extension veins. (D)
Histogram of temperatures for shear veins.
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between mélange fabrics and shear veins. However, over-
lapping temperature conditions for the extension and
shear veins were identified in the temperature rangebetween approximately 175 and 220°C. As described
above, the deformations at the time of the extension veins
and shear veins are interpreted as ductile and brittle in the
shale matrices, respectively. Therefore, the overlapping
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shallow ductile-brittle transition zone from the ductile
mélange matrix to brittle shear veins. Because the slab age
is comparable in the Yokonami mélange and the Miyama
formation, the temperature range of the ductile-brittle
transition zone is constrained by the data from the
Yokonami mélange and the Miyama formation.
Discussion
The temperature conditions and crosscutting relations
for the extension and shear veins suggest that the defor-
mations along the decollement change from ductile to
brittle in a transition zone from shallow to deep. The
change in deformation mechanisms is consistent with
the outcrop observations that the shear veins crosscut
the mélange foliation in some parts. The crosscutting re-
lation also suggests a change in the deformation mech-
anism from pressure solution to frictional failure, from
lower to higher temperature conditions.
The progressive change in deformation mechanism
from ductile to brittle in the shallower subduction zone
is probably related to lithification along the subduction
interface in a broad sense. Mechanical compaction con-
tributes to the lithification of sediments, especially in
sandstone. The lithification of the sandstone is probably
completed before mélange formation (Hashimoto et al.,
2006). At the time the sandstone was lithified sufficiently
to develop extension cracks, the shale matrix was still
deforming in a ductile manner. Therefore, bulk ductile
deformation was expected at the time of extension vein
development. These occurrences may be associated with
a relation between extensional strength of the sandstone
blocks and viscosity of the shale matrix, the ratio of
competent material to incompetent material, and the ef-
fect of fluid on the deformations in the ductile mélange
stage. Pressure solution, a type of cementation process,
can strongly contribute to lithification and strengthening
of the shale matrix because of dissolution and precipita-
tion, which reduces porosity (Angevine et al., 1982). Con-
sequently, some shear veins that cut the shale matrix were
developed after lithification of the shale matrices. Some
extension veins can be formed in shale matrices after they
are lithified (Figure 2A). The P-T conditions for the exten-
sion and shear veins indicate, however, that some of the
shear veins were developed in the extension vein stage,
which suggests that ductile and brittle deformation coex-
isted in a transition zone.
The transition from ductile to brittle behavior is sug-
gested to occur in the temperature range of 175 to 220°C
(Figure 4). The coexistence of different deformation mech-
anisms is not unexpected because they are controlled by
competing factors such as the lithification state, strain
rate, and fluid pressure. The similar occurrence of local-
ized microfaults within a ductile mélange zone has alsobeen reported elsewhere (e.g., Vannucchi et al., 2008;
Fagereng and Sibson, 2010; Fagereng, 2011a). Fegereng
and Sibson (2010) suggested that the ratio of competent
sand blocks to incompetent shale matrices may control
the distribution of localized microfaulting because the
shear strain is concentrated in the thin shale matrices.
The higher strain rate in the thin shale matrix area en-
hanced the development of localized microfaults in the
heterogeneous mélange zone. This model depends on a
heterogeneous lithification process wherein sandstone
layers strengthen more rapidly and shale matrices
strengthen more slowly, and the strain rate is distrib-
uted heterogeneously. The relation between shear vein
distribution and thickness of the shale matrix should be
examined to test the model with quantitative evaluation
of the ratio between competent and incompetent mate-
rials (Fagereng, 2011b).
Saffer and Tobin (2011) suggested that high pore-
pressure zones tend to be distributed in the temperature
range of approximately 60 to 150°C, on the basis of the
fluid production rate of smectite dehydration. They sug-
gested that the shallower ductile-brittle transition zone
corresponds to the area of high pore fluid pressure be-
cause very low frequency earthquakes are observed in
the area. In this study, the brittle deformation of exten-
sion veins actually exists in the ductile matrix deform-
ation in the temperature range of 100 to 150°C, and it
was possibly caused by the overpressures (due to smect-
ite dehydration). However, the overall trend of our data
indicates that the ductile-brittle transition occurs at 175
to 220°C, which is significantly higher than that suggested
by Saffer and Tobin (2011). This compelled us to consider
another mechanism for the generation of excess pore
pressures at that temperature range. Kameda et al. (2011)
conducted a similar calculation (not for smectite dehydra-
tion but saponite dehydration) within the hydrated bas-
altic basement. They suggested that fluid production from
saponite dehydration is significantly high, as much as that
from smectite dehydration, and that the reaction con-
tinues from approximately 150°C to above approximately
260°C. Therefore, the higher temperature (150 to 220°C)
of the ductile-brittle transition shown in this study could
be explained by the high fluid pressure at least for exten-
sion veins, as Saffer and Tobin (2011) suggested, in the
case that the fluid source is from saponite dehydration.
For shear veins, however, the excess pore pressure is not
needed. Lithification state or strain rate as discussed above
are also other controlling factors that may have contrib-
uted to the development of the ductile-brittle transition in
a higher temperature range. The abnormally high fluid
pressure is observed only in the ductile-brittle transition
zone, as shown in Figure 4. This occurrence suggests that
the high pore pressure can control the area of the ductile-
brittle transition zone, from the ductile mélange matrix to
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duction interface although the relationship between the
high pore fluid pressure, lithification state, and strain rate
are not well constrained. The high fluid pressure could
also be the result of a change in hydrologic properties by
the lithification process, such as those caused by the
pressure solution or clay dehydration. The resulting
high fluid pressure can weaken the preexisting shear
veins as feedback processes. The volume of fluid from
dehydration of smectite or saponite and their relations
to deformation need to be examined in detail for differ-
ent thermal gradient regimes to better understand the
fluid pressure effects according to the lithification state,
the ratio of competent materials in deformation fea-
tures, and deformation mechanisms.
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